We created an animal model to understand better the pathogenesis and underlying mechanism of progressive central pulmonary venous (PV) obstruction, a condition not amenable to current therapy. Twenty piglets underwent banding of their PVs, 18 had a sham operation, and 12 were nonoperated controls. After 1, 3, and 6 weeks hemodynamic data were obtained and correlated with ventricular weights, PV and pulmonary artery (PA) distensibilities (at 1 week), morphometric structural and ultrastructural analyses, and biochemical assessment of elastin determined gravimetrically (and by desmosine level at 1 week), collagen, and elastase activity. At 1 week, PV banding was associated with increased PV compliance (p<0.05). At 3 weeks, an increased PA pressure (Ppa) (p<0.05) was observed, unaccompanied by a rise in PV pressure (P,). In the PV, however, there was breakdown of the internal elastic lamina with apparent migration of smooth muscle cells from media to subendothelium. At 6 weeks, a rise in P, (p <0.01), a further rise in Ppa (p<0.01), and right ventricular hypertrophy (p<0.005) were observed. We also observed mild PV intimal thickening (p<0.01), complete degradation of elastic laminae (p<O.OS), and an increase in collagen assessed morphometrically (p<0.01). The banding procedure resulted in an overall increase in PV elastin synthesis and in the proportion of elastin determined gravimetrically (p<0.05 for both) but not by desmosine level, suggesting the possibility of poor cross-linking of elastin, which might account for the early increased distensibility of the PV. However, our assay could not detect an increase in elastase activity associated with either the increased distensibility or the ultrastructural changes of elastin degradation. The increased Ppa was not associated with significant PA biochemical or structural changes. We speculate that in response to distal venous obstruction, early remodeling of the PVs increases distensibility, protecting the lung from venous congestion and blunting a rise in P,. PA hypertension precedes the rise in P,, likely because of reflex vasoconstriction. The subsequent modest rise in P,, is already associated with extensive fibrosis of the PV, suggesting a reason for unsuccessful current therapy and a need for consideration of earlier assessment and intervention. (Circulation Research 1990;66:438-456) P rogressive obstruction of the central pulmonary veins can occur as a primary congenital heart defect1 or in association with lesions 
such as total anomalous pulmonary venous drainage.2 It is also seen after corrective surgery for cardiac defects such as transposition of the great arteries. 3 Since initially pulmonary venous pressure is normal or mildly elevated, particularly if there is uneven obstruction of the veins,4,5 attempted repair by balloon dilatation or surgical reimplantation is usually delayed until more severe disease is apparent. Both procedures have been largely unsuccessful due to recurring obstruction.67 Therefore, it seems that the approach and timing of intervention are inappropriate, and that a better understanding of the mechanism of progressive pulmonary venous obstruction would allow for a more successful treatment plan.
The pathological changes associated with severe central pulmonary venous obstruction have been well documented and include massive intimal proliferation causing luminal occlusion, medial thickening, and fibrosis.8 Hemodynamic assessments frequently reveal pulmonary arterial hypertension out of proportion to the increased pulmonary venous pressure, culminating in cor pulmonale.9, 10 We hypothesized that even mild, hemodynamically imperceptible obstruction of the central pulmonary veins might initiate cellular changes leading to vascular remodeling. Based on previous observations in biopsy tissue from patients with pulmonary hypertension" and in experimental models,1213 we speculated that there is degradation of the internal elastic lamina by an elastase released by vascular endothelium in response to increased pressure or turbulent flow. We further hypothesized that this condition might facilitate subsequent migration of smooth muscle cells into the subendothelium directly and indirectly by release of chemotactic elastin fragments.14 Moreover, we hypothesized that the absence of a well-defined external elastic lamina might facilitate migration of fibroblasts into the media, resulting in increased production of collagen. Thus, intimal proliferation and medial fibrosis would lead to progressive and irreversible obstruction.
To test this hypothesis and thereby elucidate the underlying mechanism of progressive central pulmonary venous obstruction, we created an experimental piglet model and correlated the early changes in pulmonary hemodynamics with elastase activity in the vessel wall and with alterations in elastin and collagen content assessed biochemically and ultrastructurally.
Materials and Methods Experimental Design
The experimental protocol was approved by the Animal Care Committee of The Hospital for Sick Children. The animal model involves placement of nonrestrictive bands around the pulmonary veins (PVs) of week-old piglets. With growth, the bands become progressively constrictive. Fifty Yorkshire piglets were used: 20 underwent PV banding, 18 received a sham operation, and 12 served as nonoperated controls. Assessments were carried out in similar numbers of animals from each group 1, 3, and 6 weeks later. The number in each group used in each determination is given in the tables and figure legends.
Banding Procedure
In pilot studies we found that banding of all of the PVs at one time resulted in high mortality whereas bilateral thoracotomies, staged 1 week apart, resulted in 100% survival. For the thoracotomies, anesthesia was induced with atropine (3 mg i.m.) and halothane (4%), N20 (70%), and°2 (26%) delivered by mask. Subsequently an endotracheal tube was passed, and general anesthesia was maintained with halothane (0.5-1.5%), N20 (70%), and 02 (29%) under positive pressure ventilation (20) (21) (22) (23) (24) (25) cm H20, 30-40 breaths/min). By use of sterile technique, a left thoracotomy in the fifth intercostal space was performed first. The main PV, which in the swine is a common PV draining both diaphragmatic lobes of the lung (Figure 1) , was dissected free of adhering pleura at the left atrial junction, as was the left upper PV. The circumference of the PV was measured by passing a 1/8-in. (approximately 3.2-mm)-wide cotton umbilical tape around the vessel, using fine silk as markers. The tape was removed, the distance was measured, and an additional marker was placed at 1.5 times the measured circumference. The banding tape was again passed around the vein, and the snugness was set at the derived nonrestricting length ( Figure 2 ). For evacuation of the pneumothorax, the chest was closed in the presence of continuous positive pressure (approximately 5-10 seconds) of 100% 02. During the procedure, 5% dextrose lactated Ringer's solution (150-175 cc), cefazolin (150 mg i.v.), and benzathine penicillin G (37,500 units i.m.) and procaine penicillin G (37,500 units i.m.) (Penlong XL 0.25 ml, Rogar/STB) were administered.
One week later a right thoracotomy through the fourth intercostal space was performed to band the remaining PVs draining the right upper and middle lobes ( Figure 1 ). The sham-operated piglets received the entire banding procedure, including a mock chest closure under positive pressure for 10 seconds, before the bands were removed and the chest was finally closed. Control-unoperated piglets were age matched and brought in from the farm the day before investigation.
Hemodynamic Investigations
The piglets were anesthetized as described above, and a right cervical incision was made to After the hemodynamic measurements were taken, a median sternotomy was performed, and lung biopsies (approximately 1 x 1 x 2 cm) were taken at endinspiration from the inferior-most region of the lower lobes and fixed in 10% formaldehyde while maintained in the inflated state with a clamp. 15 The heart and lungs were quickly removed en bloc; the pulmonary vessels were dissected on a bed of ice and sectioned for biochemical and structural analysis. For avoidance of the fibrosis caused by the bands, the diaphragmatic (lower lobe) PVs (see Figure 1) were dissected free beginning about 1 cm proximal to the band to the main bifurcation in both the left and right diaphragmatic lobes. Equivalent landmarks were used in the sham-operated piglets. Similarly, the right PVs (upper and middle lobes) were dissected. PAs were taken from the bifurcation of the main PA out to where they divide intraparenchymally in the lower lobes; upper and middle (lingula) lobe branches were divided and not included in the tissue sample.
The lower lobe PVs and both PAs were sectioned into three roughly equal segments for biochemical and structural analysis. Tests for elastin and collagen synthesis, collagen content, and elastin content (determined both gravimetrically and by desmosines) were performed on three pooled PV segments (proximal and distal segments of the left lower lobe and the middle segment of the right lower lobe) and on proximal and distal left PA segments. Tissue for microscopic analysis was taken from the proximal end of the middle segments of the left lower lobe PV and left PA. Tissue taken for light microscopy was fixed in 10% formaldehyde, and tissue for electron microscopy was fixed in 1% glutaraldehyde in 4% formaldehyde for 24 hours and then transferred into 0.1 M phosphate buffer. The remaining middle segments of the left lower lobe PV together with the right PVs and the remaining middle segments of both PAs were frozen in liquid nitrogen for later determination of elastase activity. The right ventricle (RV) of the heart was separated from the septum, and its weight was expressed as a ratio to the left ventricle plus septum (LV+S) or to the body weight as assessments of RV hypertrophy.
Anesthetized and Awake Hemodynamics
To determine if general anesthesia might be masking hemodynamic changes, we conducted awake assessments at the 1-week point in separate groups (n=3) of banded and sham-operated piglets. The piglets were hemodynamically evaluated as previously described and then transferred, while still anesthetized, into a holding sling, which suspended them in the prone position. After a 5-minute adjustment period, measurements were repeated. The following day the awake piglets were placed back into the holding sling. Up to 30 minutes was required for the animals to adjust to the new conditions and remain quiet so that the awake hemodynamic assessment could be made.
Distensibility Curves
In the same group of animals, pulmonary veins and arteries were assessed by pressure-volume analysis to determine whether altered distensibility of the vessels might be masking early hemodynamic changes. The heart and lungs were removed, and each diaphragmatic PV was dissected free using the same landmarks previously described. All branches were ligated with very fine silk. Because specific landmarks were used, vessel lengths were approximately 3 cm, similar from animal to animal. The vessels were soaked in papaverine hydrochloride (0.4 gm/l). A Similarly, the right and left PAs, each approximately 4 cm in length, were individually tested, and when the slopes were similar in a given piglet, the results were averaged.
Biochemical Assessments
Elastin and collagen synthesis and content. Determination of insoluble elastin and collagen involved slight modifications of methodology previously described by Todorovich-Hunter et al. 13 
Results

Growth
At 1 week, all three groups of piglets were similar in weight, but at both the 3-and 6-week time points, the control piglets were significantly larger than both the sham-operated (p<0.05) and the banded animals (p<O.O1, Table 1 ). At 3 weeks, the sham-operated animals weighed more than the banded piglets (p<0.05), but by 6 weeks this difference was no longer apparent.
Hemodynamic Assessments
The cardiac outputs, arterial blood gases, and hematocrit values were similar in all groups at all time points (Table 1 (p<0.05) in the awake compared with the anesthetized condition. The hematocrit was higher and the PaO2 was lower in the awake state, but the latter was never below 78 mm Hg. Only minor differences were apparent between banded and sham-operated groups ( Table 2 ). The PV pressure-volume curves at 1 week in banded piglets, when compared with those in shamoperated animals, displayed a significant shift to the right (p <0.05), indicating increased compliance (Figure 4 ). In the PAs, there appeared to be two populations of vessels in the banded piglets (Figure ( Figure 3 ). However, a 45% increase (4.9 mm Hg) in the Ppa in the banded piglets was observed (p<0.05), not accompanied by a significant change in the %sa (Table 1) . Consequently the Ppa/PSa was elevated by 27% (p<0.01). The P,> and R, were similar in both groups. Of the calculated pulmonary resistances, TPR/RS and R1/Rs were elevated (p<0.01 for both). Table 3 ). The proportion of elastin increased significantly in both groups with increasing age (p<0.001). There were no significant differences in collagen synthesis or content (Table 4 ) or in elastase activity (Table 5 ). There was a trend toward a decrease in elastase activity with age in both groups (Table 5) .
Sham-operated and banded piglets. There was an overall increase in PV elastin synthesis and in elastin content (determined gravimetrically) in the banded piglets as compared with the sham-operated piglets (p<0.02, and p<0.008, respectively, by ANOVA) (Figure 6 ). The proportion of elastin was significantly increased relative to age-matched sham-operated piglets at the 6-week time point by contrast (7) 19.7±1.4 (5) 0.2±0.1 (7) 72±3 (7) 25±2 (7) 1.06±0.05 (7) 0.15±0.06 (7) biochemical assessments explained the different distensibility curves in banded animals at the 1-week time point. There was a significant increase in PA elastase activity in banded compared with shamoperated piglets at 3 weeks (p<0.05, Table 5 ) coincident with the increase in Ppa, but in all groups these data were at considerable variance with the other time points. In all groups, the elastin content increased significantly with advancing age (p<0.03, Figure 7) . In all groups, in both the PV and the PA the elastase activity detected was strongly (80-93%) inhibited by PMSF and poorly (0-12%) inhibited by EDTA, suggesting that it was a serine-proteinase.
Light Microscopy
Pulmonary vein. There were no significant differences in the light microscopic measurements of PVs of control and sham-operated piglets at any time point (Table 6 ). There were also no detectable differences in sham-operated as compared with banded piglets in total wall thickness (WT) or percent wall thickness (%WT), in the medial and adventitial thicknesses (%WTM and %WTA, respectively), or number of elastic laminae counted in either the media or the adventitia. At 6 weeks, however, in the banded PVs a fourfold increase in the intimal thickness (%WT1) was detected: sham-operated, 2.3+0.5 versus banded, 7.9±1.2 (p<0.0001). The effect of this increase on the loss of luminal cross-sectional area appeared minimal, however, at least as judged qualitatively. The veins were not fixed in the distended state, making assessment of luminal crosssectional area problematic, but there was no increase in the thickness of the media (assessed quantitatively) or in the degree of crenation of the laminae to suggest that the veins were more constricted in the banded animals ( Figure 8 ). Pulmonary artery. At all time points, the PA %WT, %WTM, %WTA, and number of laminae in each compartment were similar between control and sham-operated and between sham-operated and banded piglets (Table 7) . No structural variation in the PAs of banded piglets assessed at the 1-week time point explained the two populations of arteries with different distensibilities. At 6 weeks, there was a significant increase in the %WTI in banded relative to sham-operated piglets (p<0.05). However, it represented only 0.7% of the total wall thickness. In addition, there was a trend toward an increase in WT in banded piglets at this time point.
Lung. At the time of sacrifice, gross inspection and handling of the lungs in some of the 3-week and nearly all of the 6-week banded piglets revealed that they appeared "boggy" or fluid filled. Light microscopy gave no evidence of interstitial congestion, alveolar edema, or exudate. In addition, qualitative inspection of the intrapulmonary arteries and veins revealed no changes in muscularity or intimal proliferation in banded compared with sham-operated piglets. Moreover, the intraparenchymal PVs of banded piglets had not undergone arterialization. However, quantitative morphometric analysis by injection of the circulation may have revealed differences not appreciated by qualitative inspection.
Transmission Electron Microscopy
Pulmonary vein. At all three time points, we observed qualitatively that the endothelial cells from both the banded and sham-operated PVs were pale and vacuolated, contained swollen mitochondria and dilated endoplasmic reticulum, and were lifting from the subendothelium, suggesting that these cells were injured and had not been well preserved in handling and fixation.
At 3 weeks, in banded compared with shamoperated piglet PVs, there was a significant (about threefold) increase in the ratio of synthetic to contractile SMCs (p<0.05, Table 8 ), and this change was striking at 6 weeks (15-fold, p<0.01). In shamoperated piglets nearly all SMCs observed were contractile. Concomitant with the above changes, the elastic laminae appeared to progressively fragment in the banded PVs (Figure 9 ). At 3 weeks, this change was only localized to the internal elastic lamina: Complete fragmentation was observed in the banded PVs, whereas in the sham-operated piglets, the internal elastic lamina remained intact (Figure 10 ). The banded PVs tended to show a progressive loss of the integrity in their elastic laminae with time, reflected by an increased ratio of the fragmented to contiguous elastin while, on the other hand, the PVs from sham-operated piglets exhibited the opposite pattern, development of progressively more intact laminae ( Figure 9 ). By 6 weeks, in the subendothelial and medial compartments, there was a ninefold increase in this ratio of fragmented to continuous elastin (p<0.05) in the banded relative to the shamoperated piglets.
Associated with the apparent breakdown of the internal elastic lamina seen at 3 weeks in the banded PVs was the presence of synthetic-appearing SMCs in the subendothelial space ( Figure 10) ; this feature became more prominent by 6 weeks (Table 8 ). Concurrent with the apparent shift in the SMC phenotype, the proportion of collagen, assessed morphometrically in the subendothelial and medial compartments of the banded PVs, displayed an 84% increase between 3 and 6 weeks compared with the shamoperated piglets in which it decreased (p=0.0001, Figure 11 ). Moreover, in the banded piglets, the proportion of collagen increased in the PVs between 3 and 6 weeks, whereas in the sham-operated piglets it decreased.
in .. In addition, at 6 weeks the extracellular matrix of the subendothelium and media was also increased in the banded PVs (p<0.025, Table 8 ). There were no significant differences in the number of fibroblasts or myofibroblasts in either the subendothelium or media at any time point.
Pulmonary artety. In the PAs of banded piglets, compared with those from sham-operated animals, only mild differences were appreciated qualitatively. No endothelial changes were apparent, but there was a trend toward an increased number of synthetic relative to contractile SMCs at 6 weeks (Table 9) . Moreover, the elastic laminae in the PAs from shamoperated piglets appeared increasingly developed, as exemplified by a trend toward a progressively decreased ratio of fragmented to contiguous elastin. The elastic laminae in PAs from banded animals, on the other hand, did not appear to change with development. There were no significant differences in the proportion of collagen, extracellular matrix, or number of fibroblasts or myofibroblasts.
Summary of Results
In our piglet model of progressive PV obstruction, the first detectable hemodynamic change is an increase in PV distensibility at 1 week (Table 10 ). This is followed by an increase in the Ppa at 3 weeks, and only later, at 6 The stress-strain relation of vascular tissue follows an exponential curve. Selective digestion studies have shown that the first portion of the curve, with its relatively flat slope, is primarily due to the resistance of elastin, while the more vertical segment reflects the collagen contribution.25'26 Partial digestion of either component results in a more compliant vessel. Complete digestion of elastin causes a stiffer vessel due to the sole contribution of collagen.
Our findings of increased distensibility in the PVs from banded piglets, evident in both portions of the curve, suggest partial degradation of both elastin and collagen. We did not obtain biochemical evidence of increased elastase activity. Since elastase has a very high affinity for elastin,27 it is possible that in situ or as a result of homogenization of the tissue, the elastase binds to the newly synthesized elastin or to elastin fragments, making it difficult to isolate. Since ultrastructural evidence for degradation of elastin is indeed seen 3 and 6 weeks after banding, future studies directed at isolation, sequencing, and production of an antibody to vascular elastase would permit in situ hybridization and immunolocalization of elastase, thereby amplifying the sensitivity with which altered or increased elastase activity can be detected. Since nearly all the detectable elastase activity was inhibited by PMSF, indicating serine-protease activity, it is possible that the degradation of elastin observed ultrastructurally was caused by a metalloprotease. Although it was necessary to add EDTA to our extraction buffer,20 subsequent studies by our group have shown that this does not obscure identification of metalloprotease activity in the tissue. Serine-protease elastase activity has been extracted from disease-free human aorta28 and cultured rat SMCs'9 and is increased in atherosclerotic aorta28: however, aneurysmal aortic tissue contains both serine-protease and metalloprotease activity. 28 It is interesting that in the banded piglet PVs, the proportion of elastin assessed by desmosines did not reflect the increase apparent by the gravimetric technique, especially since determinations were made on the same tissue samples. If for some reason the newly synthesized elastin is poorly cross-linked, this may also increase distensibility, as is seen in copper deficiency.29 A similar phenomenon was observed in the PAs from lambs with a surgically created ventricular septal defect. Linear stress-strain testing revealed that these vessels were also more distensible than in control lambs, and a significant increase in elastin content by the pentapeptide assay was associated with decreased desmosines. 12 Alterations in collagen structure can also be inferred from our data. In addition to the displacement of the second portion of the pressure-volume curve, we were unable to bring the banded piglet PVs to the same high pressures achieved in the shamoperated group because of developing leaks.
The increased pulmonary venous compliance may serve to counteract the impedance of flow into the left atrium and, consequently, blunt a detectable rise A. ---+---in venous pressure. This might protect the lung from developing venous congestion and edema; however, if the process extends to the intrapulmonary veins, increased permeability and congestion may result.
Although the band length was thought to be initially nonrestrictive, the increase in the distensibility of the banded PVs, despite a lack of detectable pulmonary venous hypertension, suggests that some stimulus is nevertheless generated by the banding procedure. Manipulation of the PV and persistent irritation by the band may cause the vein to go into temporary spasm, resulting in a higher pressure and flow. In pilot studies, high mortality followed our attempts to band all the PVs at one time. Even in piglets banded by the bilateral staged technique, we observed an increase in the PV Doppler flow velocity, assessed by two-dimensional echocardiography, in the immediate postoperative period; however, the flow returned to normal a few days later (N. Musewe, preliminary data).
It is also possible that after recovery from anesthesia, blood that had been pooled in the extremities and inferior vena cava (from decreased vascular tone and positive pressure ventilation) was suddenly centralized, causing an increase in the cardiac output and pulmonary venous flow. Thus, the band, which was placed in a nonrestrictive manner, may have become functionally restrictive in the immediate postoperative period.
Despite an increase in body weight and anticipated progressive constriction of the PVs by the band at 3 weeks, the pulmonary venous pressure remained similar to that of the sham-operated animals. Although we did not measure the distensibility of the vessels at this time point, we can only speculate that the increased compliance previously observed at 1 week persisted. To support the speculation that increased elastase activity may have altered the mechanical properties of elastin, we observed complete fragmentation of the internal elastic lamina at this time point.
Concomitant with the degradation of the internal elastic lamina, medial SMCs appeared to have migrated into the subendothelium, a process previously described in atherosclerotic vessels.30 Several possible mechanisms may be responsible. Elastin peptides, released by elastin degradation, are known to be strongly chemotactic to fibroblasts.14 They may also be chemoattractive to SMCs. Alternatively, a smooth muscle chemotactic factor, such as plateletderived growth factor (PDGF),31,32 may have been released from injured endothelial cellg,32 although injury could not be reliably ascertained in our study. Diffusion of a growth factor into the media may be facilitated by a deficient internal elastic lamina. Hyaluronic acid, a component of the extracellular matrix or ground substance, also promotes smooth muscle migration,3334 and there is a trend toward increased extracellular matrix apparent at 3 weeks that became statistically significant at 6 weeks after banding. As early as 1950, it was hypothesized that constriction of the peripheral pulmonary arteries is protective against the development of pulmonary edema in pulmonary venous hypertension. 40 We were not able to detect appreciable interstitial edema by light microscopy, although it did appear at the time of sacrifice that the lungs of some of the banded piglets were heavier than their sham-operated controls. Pressure receptors have been identified in the PVs adjacent to their atrial openings.41 In our model, irritation by the band also could have resulted in reflex PA hypertension.
It is difficult to be sure of the physiological significance of the transient increase in elastase activity that accompanied the rise in PA pressure. Previously this relationship could only be inferred in clinical and experimental studies by observation of fragmentation of elastin associated with the development of medial hypertrophy.11-13 In both monocrotaline-and hypoxia-induced pulmonary hypertension, neutrophil elastase inhibitors have prevented some of the structural changes. 42, 43 A rise in the PV pressure was evident at 6 weeks after banding. Although intimal thickening was observed, the loss of luminal cross-sectional area, at least as judged qualitatively, appeared minimal and unlikely to contribute appreciably to the increased venous pressure. With a further increase in weight gain, the band had undoubtedly become more restrictive, but we also observed alterations in the connective tissue composition and arrangement, which would likely result in a stiffer vessel. 26 There was now complete loss in the integrity of the elastic laminae and an increase in the proportion of collagen determined morphometrically. Although we were not able to measure a difference in collagen content by biochemical analysis, this discrepancy may be due to the inclusion of the adventitia in our tissue sample. The high proportion of collagen in the adventitia might mask the increase in collagen observed ultrastructurally in the subendothelium and media. Nevertheless, a trend toward an increase in collagen synthesis could be detected in the banded PVs. We considered the possibility that differences in shrinkage during processing may have contributed to the increased proportion of collagen measured morphometrically. At all time points, however, endothelial cells from both sham-operated and banded piglets appeared disrupted, and the increase in collagen at 6 weeks was striking with no obvious change in the other cellular and tissue proportions. Thus, fibrosis and complete loss of elasticity result in a more rigid vessel,26 and this condition might be partially responsible for the elevated PV pressure observed. The significance of these observations is that before progressive luminal occlusion, the vessel wall has become extensively fibrotic.
Accompanying the increase in PV pressure at 6 weeks after banding was a further rise in PA pressure. The increase in diastolic pressure especially implies a passive effect as well as active vasoconstriction, features previously observed. 9 The pulmonary hypertension is manifest by RV hypertrophy and by a trend toward medial hypertrophy of the vessel wall. It is interesting that in contrast to models in which pulmonaiy hypertension is induced by hypoxia43,44 or monocrotaline,45 we find very little change in the thickness of the hilar PA even after 3 weeks of increased pressure. It has been previously observed that PA changes may be less severe in association with PV hypertension. 46 We can only speculate that vasoconstriction per se, in the absence of a toxin (monocrotaline), a chemical effect (hypoxia), or high flow (ventricular septal defect) may be less likely to cause vascular remodeling or may do so more slowly. Clinical Application Our study implies clinically that patients predisposed to development of progressive pulmonary venous obstruction have an increase in PA pressure before an increase in PV pressure. Further evaluation in these patients by echocardiogram47 or catheterization and wedge angiography would seem prudent. Once the diagnosis of PV obstruction is made, early dilatation or surgical intervention may be warranted since even mild elevation of the PV pressure is associated with fibrosis. Since our model supports our previous studies42,43 that suggest that elastin degradation may be an initiating factor in pulmonary vascular remodeling, there may be a role for adjunctive therapy with elastase inhibitors.
